Articular cartilage possesses complex mechanical properties that provide healthy joints the ability to bear repeated loads and maintain smooth articulating surfaces over an entire lifetime. In this study, we utilized a fiber-reinforced composite scaffold designed to mimic the anisotropic, nonlinear, and viscoelastic biomechanical characteristics of native cartilage as the basis for developing functional tissue-engineered constructs. Threedimensionally woven poly(e-caprolactone) (PCL) scaffolds were encapsulated with a fibrin hydrogel, seeded with human adipose-derived stem cells, and cultured for 28 days in chondrogenic culture conditions. Biomechanical testing showed that PCL-based constructs exhibited baseline compressive and shear properties similar to those of native cartilage and maintained these properties throughout the culture period, while supporting the synthesis of a collagen-rich extracellular matrix. Further, constructs displayed an equilibrium coefficient of friction similar to that of native articular cartilage (m eq *0.1-0.3) over the prescribed culture period. Our findings show that three-dimensionally woven PCL-fibrin composite scaffolds can be produced with cartilagelike mechanical properties, and that these engineered properties can be maintained in culture while seeded stem cells regenerate a new, functional tissue construct.
Introduction
A rticular cartilage is the load-bearing, wear-resistant surface that lines the ends of the long bones in diarthrodial joints. Under normal circumstances, this tissue permits a lifetime of normal musculoskeletal function by minimizing friction, distributing loads, and dissipating energy imparted on joints through daily activities. However, due to its avascularity and low biosynthetic activity, the tissue has a limited capacity to self-repair. 1 As a result, diseased or damaged cartilage degenerates progressively, ultimately leading to chronic pain and disability. Although current treatment options for full-thickness lesions such as microfracture and autologous chondrocyte transplantation have yielded encouraging clinical success, they can lead to the formation of biomechanically inferior fibrous tissue and are not necessarily suitable for large defects or joint resurfacing. [1] [2] [3] [4] [5] In this regard, there has been growing interest in developing new tissue engineering strategies that seek to restore the biomechanical function of damaged musculoskeletal tissues. In general, these tissues are subjected to complex loading patterns that require tissue architectures with preferentially aligned fiber ultrastructures. Applying the principles of functional tissue engineering, 6, 7 researchers have designed new composite scaffolds that incorporate organized reinforcing fibers and textile structures for the regeneration of cardiac tissue, 8 bone, 9-11 ligament, 12-14 meniscus, 15, 16 and cartilage. [17] [18] [19] [20] Focused specifically on recapitulating the complex biomechanical properties of articular cartilage, we have developed a three-dimensionally (3D) woven composite scaffold using biomaterials known to support chondrogenesis. 21, 22 The basis of this design was a microscale 3D weaving technique that arranged multiple layers of loadbearing polyglycolic acid (PGA) fibers in three orthogonal directions. This woven fabric was then infiltrated with a cellsupporting hydrogel to form a composite construct with cartilage-like properties along each of its planes of symmetry. However, in vitro studies showed that chondrocyte-loaded constructs did not maintain their initial biomimetic properties over a 28-day culture period due to rapid fiber degradation and a lack of cell-mediated matrix accumulation. 23 Thus, the goal of this study was to improve the long-term functionality of the constructs by using an alternative fiber for weaving the 3D scaffolds, and to accelerate tissue synthesis by seeding with more metabolically active chondrogenic progenitor cells.
To this end, we used poly(e-caprolactone) (PCL) fibers to weave a new reinforcing scaffold, which was seeded with cells suspended in a fibrin matrix to create a composite construct that mimics the functional properties of cartilage. Although autologous primary chondrocytes have been used extensively in cartilage tissue engineering applications, there are several limitations to this approach, including the lack of adequate healthy autologous tissue, the potential disease state of the harvested cells, the potential for initiating osteoarthritic changes in the joint through the harvesting process, and the difficulty in maintaining the chondrocytic phenotype during ex vivo expansion. [24] [25] [26] [27] Thus, there remains a great need for identifying additional cell sources for use in cartilage tissue engineering. In this respect, we investigated the use of adult human adipose-derived stem cells (ASCs), an abundant and easily accessible population of multipotent progenitor cells that can be isolated from liposuction waste and have been previously investigated for use in cartilage tissue engineering. 2, 28, 29 Chondrogenic differentiation of ASCs has been shown to be induced using exogenously delivered growth factors, 30 ,31 genetic overexpression, 32 or biomaterial scaffolds. 33 Fibrin, a biopolymer comprised of fibrinogen monomer units, is derived from blood components and can act as a pro-chondrogenic scaffold for tissue engineering applications. [34] [35] [36] [37] [38] Like most hydrogels, fibrin has poor mechanical properties and has been combined with biomaterials such as polyurethane, 34 b-tricalciumphosphate, 39 polytetrafluroethylene, 40 and PCL 41 to form composite scaffolds with improved load-bearing function. PCL is a slowly degrading aliphatic polyester that has been shown to remain in vivo for up to 3 years. 42 This biomaterial has been approved for implantation by the Food and Drug Administration, 42, 43 and exhibits good manufacturing characteristics and has been used extensively to produce scaffolds using a variety of manufacturing methods, including electrospinning, 16, 44 fused deposition modeling, [45] [46] [47] and traditional textile processes. 41, 48 The overall objective of this study was to evaluate the functional biomechanical properties and chondrogenic potential of a PCL-fibrin composite scaffold over an extended in vitro culture period. Using a 3D weaving process, scaffolds capable of mimicking the complex multiphasic behavior and material properties of native articular cartilage immediately after manufacture were produced. We hypothesized that the combination of a load-bearing PCL structure encapsulated with human ASC-seeded fibrin hydrogel would allow for the rapid restoration and long-term maintenance of functional construct properties, while simultaneously supporting chondrogenic induction and extracellular matrix (ECM) synthesis.
Materials and Methods

Scaffold preparation
The 3D textile scaffold utilized in this study was produced using a custom-built miniature weaving loom as described previously. 21 Briefly, 156-mm-diameter multifilament PCL yarns (EMS-Griltech, Domat, Switzerland) were assembled into a multilayer fabric structure consisting of two perpendicularly oriented sets of in-plane fibers; five layers were aligned in the warp (x-direction) and six layers were aligned in the weft (y-direction) (Fig. 1) . These 11 layers were interlocked with a third set of fibers (z-direction) that were passed vertically through the layers following a continuous, repeated path (Fig. 1B) . Measuring 1.4 mm in thickness, the resulting structure contained a network of rectangular, interconnected pores with dimensions of approximately 330Â260Â100 mm and a final void fraction of approximately 60%. After weaving, the PCL fabric was immersed in a 4 M NaOH bath overnight to clean the fibers and increase their surface hydrophilicity. 49, 50 It was then washed repeatedly with deionized water and dried at room temperature for 24 h. The cleaned fabric was sterilized by soaking in 70% ethanol overnight followed by UV exposure for 30 min per side. It was then placed in a sterile phosphate-buffered saline (PBS) bath overnight, washed three times (5 min each) in fresh PBS, and incubated in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY) at 378C for 4 h before cell seeding.
Composite scaffolds were formed using a vacuumassisted molding technique to infuse the porous PCL structure with fibrin gel. Specifically, a 4Â2 cm strip of fabric was placed in an air-tight vacuum pouch constructed on a rigid surface with injection and exhaust ports at opposing ends. With the injection port initially closed, vacuum was applied to the exhaust port to remove all the air from inside the pouch. The resulting negative pressure caused the bag to pull down tightly on the fabric and evacuate the material without collapsing its internal pore structure. Although maintaining the negative pressure, 1 mL of noncrosslinked fibrinogen 
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solution (100-130 mg=mL, TisseelÔ; Baxter Biosurgery, Westlake Village, CA) was delivered into the pouch via the injection port. The pressure differential forced the solution through the length of the fabric in a controlled and even flow. Once the flow front reached the end of the fabric and complete wet-out was achieved, the vacuum was removed by closing off the exhaust port. The bag was then opened and the infiltrated fabric was bathed in thrombin solution (Tisseel; Baxter Biosurgery) for 5 min to crosslink the fibrin hydrogel. A biopsy punch was then used to cut individual 3-mm-diameter samples from the crosslinked composite.
In vitro culture of constructs
Human ASCs from the subcutaneous fat of seven different nonsmoking, nondiabetic female donors (ages 27-51 and body mass index 22.5-28.2) were obtained from liposuction waste (Zen-Bio, Durham, NC) and pooled after an initial passage used to test growth kinetics. The cells were plated on 225 cm 2 culture flasks (Corning, Corning, NY) at an initial density of 8000 cells=cm 2 and cultured at 378C at 5% CO 2 in expansion medium consisting of DMEM-F12 (Cambrex Bio Science, Walkersville, MD), 10% fetal bovine serum (FBS; Atlas Biologicals, Ft. Collins, CO), 1% penicillin-streptomycinFungizone (Gibco), 0.25 ng=mL TGF-b1 (R&D Systems, Minneapolis, MN), 5 ng=mL epidermal growth factor (Roche Diagnostics, Indianapolis, IN), and 1 ng=mL basic fibroblast growth factor (Roche Diagnostics). Expansion medium was replaced every 2-3 days as needed until cells became 90% confluent, at which time they were trypsinized (0.05% trypsin-ethylenediaminetetraacetic acid; Gibco), resuspended in DMEM-F12 plus 10% FBS, counted with a hemacytometer, and replated. Cell viability was assessed using a trypan blue exclusion assay. All cells were passaged to P4 before being seeded onto scaffolds using the vacuum infusion technique described above. Cell-loaded PCL-fibrin composite constructs were formed by resuspending ASCs in the noncrosslinked fibrinogen solution at a concentration of 10 million cells=mL before vacuum infusion. For PCL-only constructs, ASCs were resuspended in DMEM (10 million cells=mL) and infused into the scaffold using the same technique. All constructs were cultured in 24-well low-attachment plates (Corning) in 0.5 mL of culture medium per well consisting of DMEM-high glucose (Gibco), 10% FBS (Atlas Biologicals), 37.5 mg=mL ascorbic-2-phosphate (Sigma-Aldrich, St. Louis, MO), 1% insulin, transferrin, selenous acid (ITS) þ premix (Collaborative Biomedical-Becton-Dickinson, Bedford, MA), and 1% penicillin-streptomycin (Gibco). The media were completely changed every 2 days. Scaffolds were analyzed at 0-, 14-, and 28-day time points to assess chondrogenic development.
Evaluation of mechanical properties
Compressive (confined and unconfined configurations), shear, and frictional mechanical tests were performed on all samples (n ¼ 4 per group) at days 0, 14, and 28 of culture. Tensile testing was only performed at baseline due to the size of the samples.
Compression testing
A confined-compression configuration was used to perform creep experiments on the engineered constructs using an ELF 3200 Series precision controlled materials testing system (Bose, Minnetonka, MN). The 3-mm-diameter cylindrical test specimens were placed in a confining chamber and compressive loads were applied using a solid piston against a rigid porous platen (porosity ¼ 50%; pore size ¼ 50-100 mm). After equilibration of a 10-gf tare load, a step compressive load of 30 grams-force (gf) was applied to the sample and allowed to equilibrate for 3600 s. The compressive aggregate modulus (H A ) and apparent hydraulic permeability (k) were determined numerically by matching the solution for axial strain (e z ) to the experimental data for all creep tests using a two-parameter, nonlinear leastsquares regression procedure. 51, 52 For unconfined compression, strains of e ¼ 0.04, 0.08, 0.12, and 0.16 were applied to the specimens after equilibration of a 4-gf tare load. Strain steps were held constant for 900 s, allowing the scaffolds to relax to equilibrium. Young's modulus was determined by performing linear regression on the resulting equilibrium stress-strain plot.
Shear testing
Dynamic frequency sweep shear tests were performed using an ARES Rheometrics System (Rheometric Scientific, Piscataway, NJ). Samples were tested between two rigid porous platens in a PBS bath at room temperature. A compressive offset strain of 10% was applied and allowed to equilibrate before prescribing a sinusoidal shear strain profile, g ¼ g 0 sin(ot) at an amplitude g o of 0.05 and an increasing angular frequency, o, from 1 to 50 rad=s. The magnitude of the complex shear modulus was then calculated from |G*| ¼ t o =g o , based on the assumption of linear, viscoelastic behavior, where the complex modulus, G*, is obtained from the storage (G 0 ) and loss moduli (G@) as
Tensile testing
Tensile experiments were performed on the scaffolds in a uniaxial configuration as previously described for cartilage 51, 53 using an ELF 3200 materials testing system (SmartTest Series; Bose). Samples were cut into dumbbellshaped coupons 25 mm in length and preloaded to 5 N. After equilibration of the preload, samples were elongated to failure at a rate of 0.04 mm=s. The resulting force was recorded by the instrument and divided by the cross-sectional area (A) of the sample at failure for calculation of the ultimate tensile stress (s ¼ F=A). Sequential images were recorded during testing using an automated digital video camera (Model XDC-X700; Sony Electronics, Park Ridge, NJ) and used to measure local strain.
Friction testing
Frictional tests were performed as described previously for cartilage 54 using the ARES Rheometrics System (Rheometric Scientific). The prescribed test was used to determine the dependence of the equilibrium friction coefficient, m eq , on angular velocity. Samples were fixed to an impermeable bottom platen using cyanoacrylate glue and immersed in a PBS bath. Before beginning the test, a compressive tare strain of 5% was applied to the sample using a stainless steel top platen and held for 1800 s, giving the imparted 3D WOVEN COMPOSITE PCL SCAFFOLDSstress time to relax to an equilibrium level. A series of sequential angular velocities, o ¼ 0.01, 0.1, 1, and 10 rad=s, were subsequently applied through the bottom platen for a duration of 120 s each. During each step, normal force, N, and frictional torque, T, were recorded and used for calculation of equilibrium friction coefficient given by m eq ¼ F=N. By assuming that the distribution of unknown frictional shear is zero at the center and varies linearly along the radial direction of the cylindrical test specimen, the average frictional force, F, is given by F ¼ 4T=3r 0 , where r 0 is the radius of the specimen.
Histology and immunohistochemistry
Constructs from each experimental and control group was fixed in a 10% formalin buffered solution overnight at 48C. After fixation, the constructs were dehydrated in graded ethanol solutions, cleared in xylene for a total of 3 h to dissolve away the PCL scaffold, embedded in paraffin wax, cut into 10-mm-thick cross sections using a Reichart-Jung microtome, and mounted on SuperFrost microscope slides (Microm International AG, Volketswil, Switzerland). The presence of collagen and sulfated glycosaminoglycans was histologically determined by treating 10 mm sections with hematoxylin for 3 min, 0.02% fast green for 3 min, and 0.1% aqueous safranin-O solution for 3 min. The sections were then rinsed in dH 2 O and cleared in xylene. Human osteochondral tissue was used as a positive control. Immunohistochemical analysis was also performed on 10 mm sections. Pepsin digestion of the sections to be labeled for types I and II collagen was performed using Digest-All (Zymed, South San Francisco, CA), whereas those sections to be stained for chondroitin 4-sulfate were digested with trypsin, followed by a soybean trypsin inhibitor, and finally with chondroitinase (all from Sigma). Monoclonal antibodies were used to identify type I collagen (ab6308; Abcam, Cambridge, MA), type II collagen (II-II6B3; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), and chondroitin 4-sulfate (2B6; gift from Dr. Virginia Kraus, Duke University Medical Center). Reagent A from the Histostain-Plus ES kit (Zymed) was used on all sections for serum blocking before primary and secondary antibody labeling (anti-mouse IgG antibody; Sigma Catalog No. B7151), whereas subsequent linkage to horseradish peroxidase was accomplished using Reagent C. The enzyme substratechromagen used for staining was aminoethyl carbazole (Zymed). Human osteochondral tissue was used as a positive control for type II collagen and chondroitin 4-sulfate antibodies, and the cartilage region was inspected to ensure antibody specificity. For the type I collagen antibody, human ligament was used as a positive control. Negative controls for each slide were also prepared to rule out nonspecific labeling, which was achieved by using blocking serum on the section versus the primary antibody during the primary antibody incubation step.
Statistical analysis
Two-factor analysis of variance with Fisher's protected least significant different (PLSD) post hoc test was performed to compare the different construct parameters (acellular vs. cellular and 3D PCL vs. 3D PCL-fibrin) for compressive, shear, and frictional biomechanical tests at each time point (a ¼ 0.05).
Results
Compression testing
At day 0, acellular 3D PCL scaffolds displayed an aggregate modulus (H A ) of 0.46 AE 0.04 MPa and a Young's modulus (E) of 0.27 AE 0.01 MPa, whereas acellular 3D PCL-fibrin composite scaffolds displayed an initial aggregate modulus of 0.67 AE 0.05 MPa and a Young's modulus of 0.74 AE 0.09 MPa (Fig. 2) .
The initial compressive properties were maintained throughout the entire culture period, as no changes were observed for the scaffold type at either day 14 or day 28 (Fig. 3) . Three-dimensioal PCL-fibrin composite scaffolds displayed significantly higher compressive moduli than 3D PCL scaffolds at all time points (H A , p < 0.005; E, p < 0.0001). No significant differences in compressive moduli were observed between cellular and acellular groups; however, by day 28 an upward trend in stiffness was exhibited by the cellloaded 3D PCL group versus its acellular control (Fig. 3A, B) . This effect was not present in the 3D PCL-fibrin composite groups. Hydraulic permeability (k) of the acellular 3D PCL scaffolds at both days 14 and 28 was three orders of magnitude higher than all other groups tested (Fig. 3C , p < 0.0001).
Shear testing
The complex shear modulus (G*) of both acellular scaffold types remained unchanged over culture time (Fig. 4A) . However, cell-loaded 3D PCL constructs were 121% stiffer than acellular controls by day 14 and 315% stiffer than acellular controls by day 28. Likewise, cellular composite
FIG. 2.
The compressive stiffness of three-dimensional (3D) PCL scaffolds was increased when consolidated with fibrin. Aggregate modulus (H A ) and Young's modulus (E) at day 0 as determined by confined and unconfined compression, respectively. The 3D PCL-fibrin composite scaffolds had significantly higher H A and E values than did naked 3D PCL scaffolds (analysis of variance [ANOVA], *p < 0.05, **p < 0.0001). Data presented as mean AE SEM. constructs were 14% stiffer than acellular controls at day 14 and 12% stiffer than acellular controls at day 28 (Fig. 4A, p < 0.001 ). Similar to their behavior in compression, 3D PCL-fibrin scaffolds were significantly stiffer in shear compared with 3D PCL scaffolds (Fig. 4A) . Acellular scaffolds displayed a greater loss angle (d) compared with cell-loaded constructs at days 14 and 28 (Fig. 4B, p < 0.005) . The values for loss angle fell between 208 and 308 for all groups, indicating viscoelastic solid-like behavior.
Tensile testing
At baseline, significant in-plane (x-y plane) anisotropy was observed in the ultimate tensile stress and tensile modulus measured at 10% strain. When tested in the xdirection, the ultimate tensile stress was 35.32 AE 1.90 MPa and the tensile modulus was 76.78 AE 8.11 MPa. When tested in the y-direction, the ultimate tensile stress was 22.90 AE 0.43 MPa ( p < 0.0001) and the tensile modulus was 56.08 AE 5.51 MPa ( p ¼ 0.0022).
FIG. 3. Compressive biomechanical properties of scaffolds at days 0, 14, and 28. (A) Aggregate modulus (H A ) and (B)
Young's modulus (E) as determined by confined and unconfined compression, respectively. The addition of fibrin to 3D PCL scaffolds significantly increased H A and E for both cellular and acellular groups (ANOVA, *p < 0.05, **p < 0.0001). (C) Hydraulic permeability (k) as determined by curve-fitting creep tests using a numerical least-squares regression procedure. Acellular 3D PCL scaffolds displayed significantly higher k-values than all other groups at days 14 and 28 (ANOVA, *p < 0.0001). Data represented as mean AE SEM.
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Friction testing
Acellular scaffolds exhibited similar equilibrium friction coefficients throughout the 28-day culture period (Fig. 5) . Consolidating the 3D PCL scaffolds with fibrin resulted in an increase in baseline coefficients of friction measured at day 0. Cellular constructs displayed significantly higher coefficients of friction compared with acellular controls at days 14 and 28, with composite constructs appearing the highest (Fig. 5,  p < 0.001) . Porcine articular cartilage, tested as a control, exhibited a coefficient of friction of m eq ¼ 0.27 AE 0.04.
Histology and immunohistochemistry
Over time, ASC-synthesized tissue accumulated along the outer surfaces and within the internal pores of all cell-seeded constructs. Cells appeared evenly distributed with an elongated, fibroblast-like phenotype. Composite 3D PCL-fibrin constructs appeared to generate greater amounts of tissue than did 3D PCL constructs, as evidenced by stronger staining around the perimeter and throughout the thickness of these constructs. Histological analysis of both scaffold types revealed a highly cellular and fibrous matrix that stained strongly for collagen content, but exhibited low levels of safranin-O staining (Fig. 6) . Immunostaining revealed the presence of the chondroitin 4-sulfate epitope, as well as types I and II collagen in both scaffold types. As seen with histology, staining appeared most intense around the perimeter of both scaffold types, with composite constructs showing stronger staining throughout their central region (Fig. 7) .
Discussion
We have previously described the development and characterization of 3D woven composite scaffolds engineered with predetermined properties that reproduce the anisotropy, viscoelasticity, and tension-compression nonlinearity of native articular cartilage. 21 However, earlier studies revealed that after only 14 days of in vitro culture, the initial properties of these PGA-based constructs had sharply decreased as a result of rapid fiber degradation and a lack of functional ECM production from the embedded chondrocytes. The current study demonstrates that 
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by replacing the PGA yarns of the woven scaffold with PCL yarns, structural properties never fell below their day 0 baseline values over a 28-day culture period. This behavior would allow an engineered construct to sustain its load-bearing properties over a sufficiently long period, during which functional new tissue could be regenerated. Further, by preserving the original 3D architecture and fiber-hydrogel composite construction, the PCL-based scaffolds used in this study retained the same anisotropy, viscoelasticity, and tension-compression nonlinearity displayed by the PGA-based scaffolds in our earlier work. 21 It should be emphasized that this scaffold structure was selected for use based on its ability to mimic the functional mechanical properties of articular cartilage. Although the reinforcing yarns of the scaffold provide directionally dependent load support similar to the collagen ultrastructure of native cartilage, their scale and organization throughout the tissue differ significantly. As such, the engineered constructs in this study demonstrated a distinct structure compared with normal cartilage histology (Figs. 6 and 7) , while retaining the mechanical properties critical to normal tissue function.
FIG. 6.
Histology of cellular 3D PCL constructs and cellular 3D PCL-fibrin composite constructs at days 14 and 28 depicts fibrocartilaginous tissue synthesis within the 3D PCL scaffold. Scale bar ¼ 100 mm. Color images available online at www .liebertonline.com=ten.
FIG. 7.
Histology and immunohistochemistry of acellular 3D PCL-fibrin composite scaffolds, cellular 3D PCL constructs, and cellular 3D PCL-fibrin composite constructs at days 14 and 28. Scale bar ¼ 1 mm. Color images available online at www .liebertonline.com=ten.
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Confined compression testing performed in this study revealed that the initial (day 0) aggregate modulus of the acellular 3D PCL scaffold was increased 70% by consolidating it with fibrin to form a composite (Fig. 2) . In compression, the 3D woven structure resists deformation due to inter-and intrafiber friction between its constituent multifilament yarns. However, under compression, these yarn bundles can slip relative to one another and distort their cross-sectional shape. When formed into a composite, the fibrin matrix acts to bind and constrain the yarns within their woven conformation, limiting relative movement and effectively stiffening the structure. This effect was even more pronounced when testing in the unconfined configuration where scaffolds are not laterally constrained, as Young's modulus of the 3D PCL-fibrin composite was 270% higher than that of the naked 3D PCL. Compression tests performed at days 14 and 28 revealed that all acellular scaffolds maintained their initial properties throughout the culture period, indicating that no mechanically significant degradation had occurred to either the PCL fibers or the fibrin hydrogel (Fig. 3A, B) . For cell-loaded constructs, the newly synthesized tissue had no significant effect on aggregate or Young's moduli. However, the cellular 3D PCL group demonstrated an increasing trend in these properties over time, which likely resulted from the ECM acting to constrain the woven structure as the fibrin matrix did in the acellular scaffolds. Interestingly, by day 28 the cellular 3D PCL-fibrin constructs appeared to have lower compressive moduli than the acellular 3D PCL-fibrin scaffolds. This reduction in properties may reflect cell-mediated degradation of the fibrin at a rate that exceeds new tissue synthesis. Alternatively, these findings may be attributed to increased accumulation of neotissue along the outer surfaces of the woven scaffold, which acts to form a deformable layer that effectively reduces the apparent stiffness of the structure (Fig. 6) . The apparent hydraulic permeability of the porous 3D scaffolds, as measured by confined compression creep, declined by three orders of magnitude when consolidated with fibrin (in acellular 3D PCL-fibrin groups), ECM (in cellular 3D PCL groups), or a combination of the two (in cellular 3D PCL-fibrin groups) (Fig. 3C) . In these cases, the large interconnected pores of the woven structure were completely filled with a less permeable matrix material, resulting in values that compared well to those of native cartilage (k ¼ 0.0005-0.005 mm 4 =N Á s). 55, 56 As with the compressive properties (H A , E, and k) evaluated in this study, the shear properties (G* and d) of the acellular scaffolds were improved by consolidating the 3D PCL with fibrin gel (Fig. 4A, B) . These properties were also maintained over the entire culture period, further suggesting that no constituent material degradation had occurred. The 3D orthogonal structure used in this study has an inherently low resistance to shear deformation due to a lack of interlacing between the stacked fiber layers that build its thickness (Fig. 1 ). In the current study, we tested a scaffold consisting of 11 layers with an overall thickness of 1.4 mm, although in practicality, a wide range of thicknesses could be constructed depending on the fiber diameter, number of layers, and other weaving parameters. As a result, the ASCsynthesized ECM in the cellular constructs had a greater effect on shear properties than on compressive properties, as evidenced by the significant increase in complex shear modulus at days 14 and 28. This matrix-stiffening effect was greatest for the 3D PCL group (121% increase at day 14 and 315% increase at day 28), where new ECM gradually fills the empty pores of the scaffold and binds the structure. In the 3D PCL-fibrin group, the scaffold stiffness was significantly increased by the consolidating fibrin matrix before culture; therefore, the accumulation of new ECM had a lesser (14% increase at day 14 and 12% increase at day 28) effect overall on the scaffold structure due to its composite construction. Further, the lower loss angles measured for cell-loaded constructs further indicated that the accumulated neotissue stiffened the scaffolds and improved their biomechanical properties.
Although the tensile properties of the constructs were not measured over time in culture due to the limited size of the specimens, baseline properties compared well to those of native cartilage, reported in the literature as 15-35 MPa for ultimate tensile stress 57, 58 and 5-25.5 MPa for tensile modulus at 10% strain. 51, 59 Similar to articular cartilage, PCL scaffolds displayed a difference in tensile and compressive stiffness of approximately two orders of magnitude. This tension-compression nonlinearity is believed to play a crucial role in the load-bearing and lubrication properties of the native tissue. 60, 61 A novel and important finding of this study was that 3D woven scaffold exhibited an equilibrium coefficient of friction similar to that of native articular cartilage, that is, m eq *0.1-0.3. These findings are in general agreement with previous studies that have measured the frictional properties of engineered cartilage constructs. [62] [63] [64] [65] [66] In these previous studies, it has been shown that a number of factors such as the scaffold, culture conditions, and cell type may influence the equilibrium frictional properties over time in culture. In several cases, however, it has been shown that engineered constructs may exhibit a similar or even lower m eq than native cartilage, as was observed in the present study. 62, 63 A consideration in the interpretation of this work is that we did not measure the dynamic, early-time coefficient of friction, which is generally believed to depend on fluid load support and can be 1-2 orders of magnitude lower than m eq 54,61 and is dependent on the tensile properties of tissue in the transverse direction to loading. 67 In this respect, the high tension-compression nonlinearity and low hydraulic permeability of the 3D woven constructs would be expected to provide fluid pressurization and load support that would reduce the short-term frictional properties. Ultimately, however, while frictional properties provide an important measure of the functional behavior of the cartilage, the wear properties may reflect a more relevant measure of the long-term durability of the construct, and additional studies will be needed to measure the dynamic friction and wear behavior of engineered cartilage constructs.
The fibrin gel used in this composite scaffold system served a dual purpose in influencing the bulk construct properties by stiffening and consolidating the woven structure and by enhancing the biological function of the scaffold by providing a natural ECM that interacts with ASCs. 33 The Tisseel fibrin sealant used in this study was selected due to its known chemoattractive properties that promote the migration and proliferation of human chondrocytes. 68, 69 As determined by histological and immunohistochemical analyses, ASCs seeded on 3D PCL-fibrin composites appeared to produce greater amounts of collagen-rich ECM, on both the outer surfaces and within the inner pores, than did ASCs seeded on 3D PCL alone. However, it should be noted that, overall, these constructs demonstrated a fibrocartilaginous phenotype, as safranin-O staining for proteoglycans was low and both type I collagen and type II collagen were synthesized.
Conclusions
The findings of this study show that 3D fiber-reinforced composite scaffolds, which are designed to mimic the biomechanical behavior of native articular cartilage, can sustain their initial properties over an extended in vitro cultivation period by the selection of appropriate constituent materials. Specifically, the use of slowly degrading PCL gives the constructs evaluated in this study long-term stability, maintaining a biomechanically functional framework that affords seeded cells ample time to synthesize a new ECM. Despite a fibrocartilaginous phenotype, constructs exhibited relatively constant mechanical properties over a 28-day culture period, with aggregate, Young's, and complex shear moduli similar to those of native cartilage. Histological and immunohistochemical analyses of ASC-seeded constructs revealed a contiguous, collagen-rich ECM that encapsulated the outer surfaces of the scaffolds, while completely filling their internal pores. One characteristic of this study was that exogenous growth factors were not used to induce chondrogenesis of the ASCs, to examine the ability of the scaffold itself to induce tissue formation. Future experiments incorporating potent factors such as BMP-6 and TGF-b 30,31 may facilitate more cartilage-like tissue formation on the composite scaffolds and improve the overall biomechanical behavior of the engineered constructs.
